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THE RADIATION SENSITIVITY OF SCLECT METAL CTHILLATE POLYMLPS:
MECHANISTIC CHANGES AT HIGHER ENERGIES §

R. D. Archer, C. J. Hardiman, and A. Y. Lee

Department of Chemistry, Universitwv of Massachusetts, Amherst, MA

01003, United States of America

INTRODUCTION

Our interest in the radiation sensitivitv of heavy metal polymers was
first sparked by the goal of enhanced miniaturization of integrated
circuit (IC) chip features. As the features of IC chins get closer
and closer together at the submicron level, microlithographic tech-
nigues must use higher energy nhotons (or electrens, etc.) than are
currently used.1 Otherwise, diffraction effects bv the photons which
pass through adjacent features blur the features and allow short cir-
cuits. The thin organic polymer films, which are normally used as
lithogranhic resists, suffer from an inability to abscrb all of the
higher energy radiation. The unabsorbed radiation backscatters from
the oxide layer which 1s normally between the resist and the semi-

conductor.

Heavy atom-containing polymer films should have an enhanced sensitivi-
ty to applied radiation because of the atomic number (Z) dependence

of the photoelectric effect which has an atomic absorption coefficient
which 1is 24 or greater (Evans 1972) whereas photon scattering bv heavy
atoms only has a 22 dependence. To test this concept,2 we svnthesized

and tested a number of uranvl dicarboxvlate nolymers for camma-rav

Y

1 Visible and ultraviole: radiation passed “hrough masxs Or orclacted
onto the surface provide the mass vroducticn necessarv for the low
cost devices currently on the markez. Alzhcugh electrcn beam litho-

graphy can provide hicher resclution, the throughput rate anc back-
scattering problems suagest that x-ray cor low-eneray gama-ray neti-
odology is needed. For more details see erther of two recent review
volumes (Thompson 1983, 1984)

2 Polymers with main groun heavy elements have shown increased sensi-
tivity using the empirical method cf cdetermining sclubilities befcre
and after radiation (Webb 1979; Haller 1979). Such sensitivities are
based on the dose per unit area required to dissclve the irradiated
polymer with 1/2 of the unirradiated polymer still on the substrate
(for a positive resist and vice versa for a negative resist). Thev
are solvent and labora+tory devendent, cf. Thompson (1983, 1984, and
are not as fundamental as G values.
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sensitivity. From the extensive literature on uranyl carboxylase niees
chemistry, cf. Burrows (1974), we anticipated Cozcvolution, nossibly
mixed with hydrogen abstraction (Rehorek 1982). Much to our surnrise,
a sizable number of the uranyl polymers show no C02 loss during 137Cs

irradiaticn, but they crosslink with very high efficiency instead.

METHODOLOGY

The irradiation studies were conducted with a cesium-137 gamma photon
source (662 keV) with dose rates of 0.022 to 0.073 Mrad/hr based on
Fricke dosimetry (Hine 1956; Getoff 1962). Corrections for different
mass absorpticn cross sections between the dosimeter and the uranyl
polymers were made subsequently using literature data (Mann 1960) in-
terpolated when necessary. Samples were irradiated in vacuo using
sealed Pyrex or quartz tubes. Molecular weight analysis of the nolv-
mers before and after irradiation were conducted via gel permeation
(or size excliusion) chromatography (GPC) in N-methylpyrrolidone (NMP)
solutions on Ultrastyragel columns, which had been calibrated with
polystyrene standards (in NMP). Gas chromatography-mass spectroscooy
(GCMS) , electron spin resonance (ESR), Fourier transform nuclear mag-
netic resconance (NMR) and infrared (IR), and ultravioclet-visible (UVV)

spectroscopies were used to help elucidate the products.
G values were determined using the method of Charlesby (1954, 1960,

1964) and reiterated by Dole (1973):

M ' — s © ~ o -/ ay
/8 175 % + (6,=G_) (£,/100%) []

o . . . 4
where ¥ 15 the number-average molecular weight before irradiation,

M ' is the number-average molecular weight after irradiation,

GS is the number of chremical scissions per 100 eleciron wolts,
Gx is the numker ¢f creosslinks cer 120 =lcctron velts,
r is the radiaticn deose 1n <lectron velts ner aram, and
Va 1s Aveogadrs's number
ccnverzed to Menmarads (Mrad: soo 112t ion Lecomos:
1/En' = 1/?no S 3750 T 1 0]

These equations are basod on raniom s-13s5i~n and crosslinking nrocesses,
randem initial molecular woiane distriior:ns (% % = 2), and with G
and G, dose independent. Even for non-1deal syvs
best guide possible to the maanitude of the radiation effects, and the

dose dependence is apparent from plots of 171 wvs dose in Mrad.
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The synthesis and characterization of the uranyl dicarbaxylates 15 de-
talled elsewhere (Archer 1987; Hardiman 1387,. The essential synthesic

reaction is

U0, (0,CCHy) +(H,0), + HOZCRCOZHW [V0, (0,CRCO,) ]+ CH;CO,H (3]
The molecular weights have been determined by GPC, viscosity, and NMR
13

end-group analysis. Solid-state C-NMR has also been used (Archer 1987)
to confirm the coordination modes of the carboxylate ligands to the
uranyl ion. The results are as anticipated from IR results (Hardiman
1987): that is, both monodentate and bidentate carboxylate coordination

occur such that 7-coordination predominates in polymers with either one

or two moles of solvent coocrdinated to the uranyl ion.

URANYL POLYMERS WHICH APPEAR TO EXCLUSIVELY CROSSLINK

As anticipated, the uranyl dicarboxylate volymers are very sensitive to
gamma-ray irradiation. The data for four branched alkyl, one alkene,
and one aromatic dicarboxylates which appear to exclusively cresslinx,
with no evidence of C02 evolution, are summarized in Table 1. Whereas
the entire absorption for the lighter elements (0.257, 1.54, 2.04, and
4.09 barns/atom for H, C, O, and S, respectively) is of the Compton
type, for uranium 50% is photcelectric absorption (47.7 barns/aton
total). Thus, cthe uranium atcm constitutes frem 50 to 538% of the ab-
sorption in the unit at this energy (662 keV), but onlv modifies the
mass absorption coefficient for the volymer by about 13 to 16% relative
to water, the absorber of the Fricke dcsimeter. Organic nolymers are
typically lower than water; e.g., polv(methvl methacrylate), PMMA, is
0.083 cmz/g using the same numbers, or 17 to 20% lower than the uranvl
polymers. However, on a repeating unit basis, the uranvl polymers ab-
sorb frem 600 to 700% as nuch radiaticon as PNMA (5 = 1.3) and corgan:ic

polymers with G wvalues as hich as 10 are xnown (Thomoson 19340,

None oI the specias in Table 1 show any tendency for scission, thus,

the GS-G‘ value 1s essentiallv _Gx' wWitn increased dose levels, al.

exhibit lower G_ wvalues--a logical consequence of fewer effective Ccrozz-
< 2 1

links. Extra crcsslinks becween the same chains do not increase the

re
molecular weight any further. The values in the table are for 2 Mrad
doses (or 3 Mrad for the succinate and phthalate derivatives as no
curvature was observed until above 3 Mrad for these two snecies). The
extremely high Gx value for the tetrapimelate derivative must be re-
lated to the mobility of the longer alkyl chain counled with stabil:ized

tertiary radicals coupled with efflciont eneryy transfer,




Table 1. Gamma-riy Sensitivity 0f Neagative Resist I
Empirical Formula unie? ﬁnb GS-GXc y/Pd GS-GXC
(bridging carboxylate)
L0, 0,CC(CHy) ,CH,CO, (C,H S0) 9,207 -137 alton a7
2 72 3222 -4
(2,2-dimethylsuccinate)
£ £ <
UO2 OzCC(CH3)2CH CHZCO2 (C2H6SO) 48,000" -3.1 0.100 =2.7°
(2,2-dimethylglutarate)
U0, O,CCH,C(CH,) ,CH,CO, (C,H,SO) 12,0007  -8.07 o0.100 -6.97
(3,3-dimethylglutarate)
UO2 02CC(CH3)2(CH2)3C(CH3)2COZ (C2H6SO) 12,0007 -43¢ 0.093 —37q
(2,2,6,6-tetramethylpinelate)
U02(2—02CH=CHCOZ)(52H6SD}1.75 9,300 -3.3 0.729%%  =2.%
(maleate)
U0, (0=0,CCH ,CO,) (C,H SO, 17,800%  -3.79 o.n0a7 -3.37
{(phthalate)
aRepeating unit of polyvmer chain including sclwvation
bﬁn of samples not irradiated; based cn GPC in NMP with nclvstvrene
standards, or by NMR end-grourn aralvsis 1if so indicated
“Measured net G value using eqguation 2 and GPC after 13—'Cs irradracicon
dMass absorption coefficients 1in cmz/g for 662 keV irradiation
©Corrected G values relative tc Fricke dosimeter (0.086 cmz/g for 13‘Csf
fPolymer has poor M distribution and poor agreement with end-Iroun detn
9% values for this polvmer--end-Jroun calibrat=d bv MR
URANYL POLYMERS WHICH UNIDIRGD SIISAITN WITH GaMMyL B0 IATIOY
Jn t£he cther hand, uran. TolumaErs with o tnr SifTeran s o t-ny :
Lizands and fumarate all show larze O wvalues urocn o irvaliiacs oo
nosw2d in Takle 2, The cleanesst one 1; the molomw TLo uran ooyl Tl
ToLate, WhlCh 53hCws no tendency toward crosslinsinT: thac o1, -
probazly a true measuare of G_. The GPC's ©f she orhers siow w00 bons
for £osn soission and crosslinxing; thus G_ 13 lar-er shan o sne 1=
Falae Y. Uniortunately, thev oare so "hzs;, Vet radlat oo ;
relianle ndependent values are impossible ©o obtain.  Thego B
D Th vAaLaes Dor tno thio-bridiaed nolvmers would Lo oeoven hoaner 1 f e
poluat oy - uilene o TLLAY wWe Tt W T o




vable 2. Gamma-ray

Sensitivity of Pomitive Pesist Uranvl Polymer

S
)

Empirical Formula Unit? M b - ¢ d -G ¢
P 4 “n Gs X P(P Gs Gx
(bridging carboxylate)

U0, (0,CCH,SCH,CO,) (CH 501, 14,0007 569 0.597 507

(thiodiglycolate)

U g-j g-)
Oz(ozccazsscrizcozuc2 12,000 300

(dithiodiglycolate)

H6SO)1.5

0.097

, h R n
UO, (0,CCH,SCH,SCH,CO, ) (C,H,50) , 15,0009 1039 0.096 93701
(methylenebis thioglycolate )
] ] no o o L
U0, (E-0,CCH=CHCO,) (C,H, SO, 26,0007 1 6371 5.n93 R
(fumarate)

[vY]

-eSame as Table 1

th

G values based on firs%t 0.5 to 0.6 Mracd onlwy

g A : . . ,
°M adjusted to agree with NMR end-grcup analvsis
‘Polymer undergoes both scission and crosslinkinag

iz 5. , . ,
M distribution poor; results very apnroximate

JPolymer very sensitive to radiation--nonirradiated samnles chante ™
distribution significantly during irradiation of other samnles

Ty

end-group determined weights. Sovecifically, thiodiglvcolate, ditniz-
IS P I I PR
; e - (I ; W3 1 . ; NS
diglvceclate, and methylenebis thioglycolate were originally calculate
¥ . . RN - 3 . n - - .y A N ~ —~
to have GH—GK salees of abcut 109, 400, anc 160D, resnectively, USINC
= 4
the polys+tvrene-ejuivalent calibrations. These vwolwmers acsorb freom
. F— - . . . o s 3 - Sy
abcut S to 7 times as much energy per pelyvmer unit as an organic nclv
mer J3usn o as PMML o witnoa mMolelsular welInt of 170 3t shiis eneraov.  Due
52, witwnotnie 1i73ancds that na SWIoSUlfLr atoms rer reveltilndg unlT, 2x-
Srems il NLIN 3ens3:ivic 22 fnls oramma radiation oclurs At Tow dose
R TyowneIrz TMMA Znows Cnltv1 vert SMall o CTnan e it Tl U LATY o we L Tht
Eeriluticn, thes: ourantl srecies have drasticalle modlfied molesalar
weo LI Xiserioition, SIME restiicts 1ndicane -0 sciaxrion frorormetiool
L3 othioIlvIclan ard $-3 soisaslon din diehiodialocolate and B8R
resiins ndocane arnresiable soan dengitr oon o sulYiroatons for sl am
Tl T TS WLt oo aesrdente oy o raniur oWy, eten o oas =070
N - - A Ny -
Treroabcowe resalts with oaranyl opolumers led ous ot sontnean Linear o
Bl - v M - o~ . e + . I T e b b b .3 ‘o ¢ - 1t . -
Lact 11l CoLVTHEY G Coontalnin WO =it ne s b 1w Sl !
o~ -7 e - e 1- N N ~
Tl T : ’ g . -
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bidontate liadand, which allows thoe synthesis of linear =oor
polymers. Theso and similar VOZ# f-diretcrnates bridaed witn salar
atoms (Archer 1936) show radiation effects which are bo%h wavelength
and state/solvent dependent. For example, instead of reduction to co-
balt(II), garma irradiation oroduces facile C-S scissiorn in the cobals-

(III) peolymers. Space limitations mrecludes further detaills.
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